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Alleumenl  standards  ami  design  relationships  for  surface  dumbillty  of  gears  are 
based  on  contact  stress  considerations,  fhermal  elTecls  arc  considemd  only  for  scoring 
lai  lures  tvhen  the  destruction  of  the  lubricating  Elm  occurs  aso  lesult  of  temperature  rise. 
Tempemtutv  increase  on  the  surface  reduces  the  film  thickness  and  causes  the  solid  to 
solid  contact.  The  objectives  of  this  dissertation  are  lo  consider  the  mechanism  of  thermal 
sums  and  thermal  cy  cling  during  louih  contacts  for  dry  and  lubricated  conditions  and  ils 
effect  on  the  allotvable  mechanical  and  thermal  strength  for  different  machining 
prrKesscsand  geometrical  conditions,  'fhe  main  goal  is  to  develop  a dimensionless 
relationship  to  take  into  consideration  the  combined  cEcet  of  the  thermal  and  mechanical 
stress  in  predicting  the  .surface  failure  of  gears  for  different  design,  manufacturing  and 
operating  pammeiers.  The  result  of  the  study  shows  that  the  gears  with  low  number  of 
pinion  teeth  and  high  gear  ratios  are  more  intiucnccd  by  the  thermal  effects.  Also  the 
allowable  mcchanicai  stress  is  reduced  with  decreasing  center  distance.  The  surface 


ughness  is  found  In  have  a significant  effect  on  the  temperature  rise  on  asperities  but 


not  on  ihe  bulk  surface.  Fine  jiround  gears  ore  gencitilly  less  alTcctcd  by  the  thermaJ 
svess  since  the  heel  Input  is  due  to  viscous  sheer.  High  carbon  steel  gears  are 
sigtiirtcantly  more  sensitive  to  the  thetmal  stress  then  low  carbon  steel  because  of  the 
signincam  change  of  their  ultimate  strength  with  temperature  and  their  high  susceptibility 
to  thermal  fatigue  and  thermal  shock. 


CHAPTtR I 
INTRODUCTION 

Although  most  of  ihe  failures  of  gears  are  surface  failures,  ihc  inicractlon  belween 
the  factors  influencing  these  failures  is  r>ol>'Ci  fully  undeistood.  Furthermore  there  is  no 
general  agreement  among  the  researchers  on  the  effect  oflubrication  on  surface 
durabilit).  The  most  common  types  of  surface  failures  ure  usually  classified  as  pitting, 
wear  and  scoring. 

Pittinn  and  Recent  Studies  on  I'ittitiu  of  Rullinc,'Slidinu  Cuntaco. 

In  the  past  there  was  a tendency  to  rcgnnl  pitting  as  a secondary  wear  problem 
and  most  of  the  attention  focused  on  macroscopic  pitting,  which  isatributed  to  contact 
fatigue.  Pitting  is  traditionally  considered  as  a Hertrion  fatigue  phenomenon  which 
occurs  when  a fatigue  craclt  is  initiated  either  at  tlic  surface  olThc  gear  tnolh  or  at  a small 
depth  below  the  surface.  It  is  seen  in  rolling  element  bearing  and  gears  when  the  Hertzian 
pressure  exceeds  an  allowable  value.  The  crack  usually  propagates  for  a short  distance  in 
a direction  roughly  parallel  to  the  tooth  surface  before  turning  up  or  branching  to  the 
surface.  When  Ihc  cracks  grow  to  the  extent  of  separating  a piece  of  the  surface  material, 
a pit  is  formed.  When  several  pits  grow  logetlier.  a larger  pit  is  generally  referred  to  as  a 
"spall."  Metal  logrcphic  sections  and  other  methods  of  examination  suggest  that  the 
micro-pilling  cracks  and  Ihc  cracks  producing  macro-scale  pilling  have  similar 
morphology.  The  main  difference  seems  to  be  that  of  scale. 

Webster  and  Norban  ( 1 1 invesligaled  the  effect  of  various  parameters  on  a type  of 
progressive  fatigue  wear  known  os  micru-piliing.  They  concluded  that  increasing  the 


load,  decreasing  specific  nim  thickness  and  nulmainlng  negmive  relative  sliding  all 
increased  the  rale  of  micro-pitting  wear.  They  also  reported  that  micro-pining  is  almost 
completely  eliminated  at  very  low.  but  non-zero,  slide  to  roll  ratio. 

fallian  |2]  investigated  the  role  of  surface  defects  in  spalling  life  prediction 
modeling.  His  efforts  concentrated  on  micro-spalling,  in  asperity'  dimensions.  He 
analyzed  surface  distress  defect  fumialion  in  rolling  conuicl  using  Ihe  Greenwood- 
Willinmaon  surface  roughness  model.  He  suggests  a significanl  influence  on  life  of 
several  parameicra  such  as  EHL  Aim  thickness  ratio,  traction,  material  fatigue  properties, 
and  pre-service  defects.  In  another  paper.  Tallian  [3]  proposed  a spalling  fntigue  life 
model  based  on  populations  of  surface  dcfecis  with  depth  (severity)  distribution 
according  to  the  Greenwood- Williamson  asperity  model. 

Chen  [4]  concluded  tioni  experimental  tests  that  pitting  failure  is  liable  to  occur 
onlheconuicling  parts  with  a rougher  surface.  Zhou.  Cheng,  and  Mura  [5]  presented  a 
micro-macro  contact  model  for  surface  pitting  in  colling  and  sliding  comaei.  They 
analyzed  the  pressures  related  to  asperity  interaction  and  the  subsurface  stress  map  along 
the  whole  contact  area  by  superimposing  the  asperity  loads  on  Ihe  Hertzian  load  for  a 
given  specimen  surface. 

Blake  and  Cheng  [6. 7|  reported  on  a surface  pitting  life  model  for  eslimating 
failure  probabilities  and  service  lives  of  spur  gears  hosed  on  an  Initial  crack  size 
disiribulion  and  on  possible  inlcraccion  between  cracks  and  Inclusions.  An  improved 
model  was  reported  by  Blake  and  Draper  |8|.  The  Iwu-dimcnsional  propagation  model 
was  modified  to  reflect  three-dimensional  cracks  driven  by  both  shear  and  lubricant 
pressure  effects. 


Winler  cmd  Osier  [UJ  conducicd  some  lesls  lo  eKaminc  the  inlluencc  of  lubricants 
on  micm-pitlinB.  Ding,  Jones,  and  Kuhncll  |I0|  investigated  the  beliavior  of  subsurface 
cracks  in  gear  leeih.  They  conslmcied  a finite  elcmcnl  model  of  a number  of  two- 
dimensional  cracks  beneath  the  pilch  line  of  a gear  tooth. 

Wear  and  Recent  Studies  on  W ear  of  RollinciSlidine  Conlacis 
Wear  is  a surface  phenomenon  in  which  layers  of  metal  are  removed  or  "worn 
away"  more  or  less  uniformly  from  the  contacting  surfaces  of  the  gear  teeth.  Experience 

sliding  occurs  at  the  starting  point  of  contact.  The  pilch  line  begins  to  show  as  an 
unbroken  line.  Wear  is  most  commonly  assumed  lo  he  caused  by  repealed  disiurbanees  of 
the  frictional  bonds  nnd  an  inadequate  lubrication  Him.  Because  the  events  that  produce 
wear  debris  occur  at  and  below  the  interface  of  conlacting  asperities,  what  is  known 
about  wear  has  been  characterized  by  examining  the  products  of  wear,  such  os  wear  scars, 
debris,  noise,  thermal  cfrccl,  hardness  change,  etc. 

Adhesive  wear  (sometimes  called  sculTing  orgolling}  involves  several  steps.  First, 
when  two  surfaces  tut;  pressed  together,  the  microscopic  bumps  on  the  surfaces  squeeze 
together  and  form  a solid  junction  when  the  atoms  of  the  Itvo  surfoces  bond.  Wthenone 
surface  moves  relative  to  the  other,  the  weaker  material  breaks  at  some  dislancefrom  the 
junction  and  forms  a tump  of  wear  material, 

Abnutive  wear  occurs  when  a hard  panicle  digs  into  a softer  surface  and  plows  out 
material.  This  Is  called  two-body  abnusion.  Three-body  abrasion  may  happen  when  free 
particles  are  trapped  between  the  two  surfaces.  As  the  surfaces  move  relative  to  each 
other,  the  hard  foiejgn  panicles  plow  out  material  fmm  the  softer  surface  areas.  Other 


siuidtiuns  ;ire  known  to  occur  where  the  hard  foicign  panicles  are  imbedded  in  the  softer 
material  and  create  wear  tracks  in  the  harder  surrace. 

Lin,  Cheni^.  and  Jaitg  |i  I]  conducted  experiments  lo  measure  the  wear  behavior 
of  simulated  lubricated  gearconlacls.  Ihey  reported  that  the  elTecl  ofopplied  load  on 
wear  is  more  significanl  titan  the  elTccl  of  speed.  They  also  reported  that  the  oil 
lemperalures  increased  os  the  sliding  speed  or  the  applied  loads  are  Increased. 

Kopf[I21  investigated  the  phenomenon  of  progressive  wear,  which  causes  a rapid 
increase  in  wear  rate,  distortion  of  the  tooth  profiles  and  the  failure  of  ihe  gear 

Nikolashev(I3|  proposed  a gear  train  wear  analysis  method  that  accounts  for  the 
change  of  Ihe  slip  cocfricicm  and  the  width  of  the  contact  arenas  it  passes  the  surface 
location  at  which  wearisdelemiincd.  He  ntpottod  that  wear  at  the  pilch  point  of  an 
involute  gear  exists  and  increased  with  an  irtcreose  in  the  gear  ratio. 

Drondov  el  al.  (14]  reported  on  a method  for  the  calculation  of  the  work  copacity 
of  gear  transmissions  and  proposed  a wrarcrilcrion  based  mainly  on  mechanical 
considerations,  formulas  are  proposed  in  Iheir  report  for  calculalions  of  wear  intensity  of 

Scorine  and  Recent  Studies  on  Sconna  of  RolliniL/Sliding  Contacts 

Rapid  wear  often  results  from  a failure  of  the  oil  film  due  to  overheating  of  the 
mesh-  permitting  metal-to-mcial  contact.  I his  contact  produces  aliernale  welding  and 
tearing  which  removes  metal  rapidh'  from  the  sliding  surfaces  accompanied  by  transfer  of 
melal  frnm  one  surface  lo  the  other  surface.  This  occurs  at  high  sliding  velocilv  and 
intense  surface  pressure,  which  cause  the  frictional  heat.  Pailuie  of  the  lubricant  is 
associated  with  a flash  temperature  of  the  lubricant.  The  flash  temperature  is  an 


Inslamunenus  leinpcraliirc  ria;  ihai  occurs  on  llic  gear  lecih  surrsco  due  lo  Ihc  rriclionnl 
healing. 

Leo  and  Cheng  [IS,  161  proposed  a theory  for  predicting  the  onset  of  scoring 
failures  over  a wide  range  of  operating  conditions,  including  contacts  operating  in  the 
boundary  lubrication  and  in  the  partial  clasto-hydrodynaniic  lubrication  regimes.  They 
concludexl  that  failures  occur  when  the  contact  temperatures  exceed  a certain  critical 
value.  Experiments  were  undertaken  |I7]  lo  support  their  hypothesis.  Terauchi  [18| 
reported  on  extensive  experiments  on  the  failure  of  the  tooth  surfaces  of  spur  gears  duo  to 
scoring.  He  examined  the  main  factors  inlluencing  the  scoring  resistance  of  the  gears, 
such  as  the  number  of  teeth,  tooth  proHle  modification,  module,  and  the  mechanical  and 
iheimal  properties  of  the  gear  materials  and  the  lubricants. 

Matveevsky  ( 1 9]  suggested  friction  power  as  a viable  scoring  criterion  for  the 
surlaecs  ofdifTerenl  materials  under  boundoiy  lubrication  conditions.  Carper  and  Ku 
[20]  proposed  a methodology  based  on  the  critical  frictional  poxver  criterion  for 
correlating  and  predicting  the  scufling  behavior  of  sliding-rolling  disks.  Bell,  Dyson,  and 
Hadley  [21]  investigated  the  independent  influences  of  rolling  speed  and  sliding  speed  on 
the  scuffing  of  hardened  steel  disos  lubricated  by  a mineral  oil. 

Maepherson  and  Cameron  [22]  investigated  the  phenomenon  of  fatigue  scoring. 
They  suggest  that  it  is  caused  by  micio  cracks  and  micro-pits  forming  on  the  surface  of 
heavily  loaded  contacts,  which  drain  away  the  oil  in  the  contact. 

Studies  on  Surface  TemDeratuK_Calculation  of  Sliding/Rollinu  Contacts 

Townsend  and  Akin  [23]  performed  gear  tooth  temperature  analyris  using  a finite 
element  method  combined  with  a calculated  heat  input,  and  estimated  heat  transfer 
coefficients.  They  also  conducted  experimental  measurements  of  the  average  surface 


icinperaiLiTcs  and  inalamaneous  surface  lempcralurcs.  Obaia.  Fujila,  and  Fuji  [24, 25] 
investigaied  ihc  temperature  rise  {(he  flash  temperature  enmponent,  and  the  bulk 
temperature  rise  component)  of  a gear  tooth  model  when  a moving  hem  source  with 
variable  heal  quanlit)  acted  repeatedly  at  regular  lime  inlerr  als.  Rashid  and  Seireg  |26| 
studied  the  heat  partition  and  the  transienl  lemperaluro  distribution  in  layered 
coneeniraled  contacts  and  developed  the  empirical  formulas  based  on  the  numerical 
results  the  study. 

Objective  of  the  Study 

All  current  standards  and  design  relationships  for  surface  durability  of  gears  are 
based  on  contact  stress  considerations.  'fhermoJ  effects  arc  considered  only  for  scoring 
failures  when  the  destruction  of  the  lubricating  film  occurs  as  a result  of  temperature  rise. 

The  proposed  study  considers  the  mechanism  of  thermal  stress  and  thermal 
cycling  during  tooth  contacts  for  dry  and  lubricated  condilionsand  ilscffoci  on  the 
ollonablc  mechanical  and  thermal  strength  for  different  machining  processes  and 
geometrical  conditions.  The  main  goal  is  to  develop  dimensionless  rclotionships  to  take 
into  consideration  the  combined  effect  of  the  thermal  and  meclianical  stress  in  predicting 
Ihc  surface  failure  uf  gr»rs  for  dllTctuni  design,  manufacturing  and  operating  parameters. 


CHAPTER  2 

DIMENSIONLESS  RELATIONSHIP  FOR  SURFACE  TEMPERATURE 
Nominal  TemacraCure  Rise  al  Tht  Sian  arConiaci  Pone 
In  order  to  invcsligale  ihe  surface  damage  phenomena  of  gear  teeth  In  contact,  it 
t^ould  first  be  necessary  to  calculate  the  induced  thermal  and  mechanical  stresses  at  the 
most  critical  points  of  the  contact  ode.  The  contact  beisseen  the  pinion  and  gear  teeth 
surface  can  be  considered  as  the  contact  of  t>vo  cylinders  ivith  the  same  rodii  of  curvature 
as  the  tooth  surfaces  at  Ihe  contact  zone. 

The  transient  temperature,  Tj,  is  given  as  Ihe  sum  of  the  bulk  temperature  [T ,] 
and  the  tenipemlure  rise  [AT]  due  lu  fricUonai  healing. 

Tt  = Ti,+AT  (2.1) 

The  Induced  temperature,  by  a modng  bond  of  heal  source  on  scmi-inliniie  solid 
which  can  be  applied  to  gears  in  sliding  comaci,  is  given  by  the  solution  of  the  governing 
dilTcRmtiaJ  equation  for  Ihe  one  dimensional  heal  conduction  equation  [27], 

<“■> 


T = temperature,  °F 

y = coordinate  perpendicular  to  Ihe  plane  of  heal  source,  in. 

p=  material  density.  IMn.^ 

k=  cocfllcieni  of  conductivity,  in*lb  / in*s*'*F 


The  boiindar)- conditions  Ibr  half-space  i 


falO.  T(y.O)=Ti  (Bulk icppcralure) 

On  Ihe  surface  of  the  solid  the  equation  relating  the  constant  frictional  power 
intensity  tj  to  the  temperature  is  written  as 


WIten  the  elTcct  of  the  applied  heal  Hux  teaches  the  penetration  depth  (D)  Ihe 
boundary  condition  expntssing  the  heal  transfer  fur  zero  heal  flux  across  the  lover  plane 
boundary  is  expressed  as 

[tTM].. 


The  solution  of  the  governing  different  ial  equation  gives  the  maximum  transienl 
temperature  of  the  coniaci  zone  as 


(2.2.b) 


when.-,  q = frictional  heal  llux 

I = the  lime  duration  for  heat  flux  application 
k = thermal  conductivity  of  Ihe  surface  material 


p = density 
c • he^  capacity 

The  frictional  lempcratuie  rise  Ibr  the  pinion  and  gear  at  Ihe  start  of  conlacl, 
where  the  maximum  sliding  velocity  and  leniperaluie  rise  occurs,  can  be  determined  by 
assuming  two  cylinders  with  radii  corresponding  to  the  nidll  of  curvature  of  the  teeth  al 


ir-bA'f  and 


tV=<i.,/e,(UW,|x5in^ 


(2-5) 


Mrg' 

llisge 


-£5E: 
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ti  can  he  assumed  that  ihu  conuci  band  width  and  ihe  vdocilies  do  noi  chani^c 
during  ihc  navcrsal  of  ihc  contact  band  oi  a particular  position  ofcontacl  becntisc  of  the 
small  changes  in  Ihc  relative  position  coordinate. 

Ihc  total  heat  flux,  tvhich  depends  on  the  work  in  overcoming  hiclion  and  area 
generated  inside  the  contact  zone  from  the  sliding  contact  of  two  teeth  by  friction,  is 
defined  as  Ihc  energy  gcnemled  per  unit  lime  due  to  friction. 

V,  = /»\y.  (2.7) 

The  heal  i1u.\  generated  per  unit  length  will  be 

(2.SI 

where  q = the  frictional  potver  intensity 
t - eocificieni  of  friction 

tite  normal  force  per  unit  width,  on  the  surface 
r.  “ sliding  s’clociiy 
h = width  of  contact  band 

The  equation  (2.2}  can  be  applied  for  the  start  ofcontacl  in  the  pinion  and  gear  by 
combining  equations  (2.2-18)  as  beicnv  in  four  groups  orparameieis: 

Materia]  parameters  £,  k.  e >. 

Geometric  parameters  * tM„  Np  (S  ij. 

Lubrication  and  surface  parameters  A ). 

Application  parameters  eh  (HP.  ay>,  Co), 

ATpsi,iKp.  £ k.  c)x*fA/,  a;o  (2.9) 


II 


^ % J 


|u*<,Mij^.i),.j.i£v 


ux.r"'^^) 


where  v'hcat  ponilion  of  q to  Ihe  pinion  tooth  surface 

f - coefTicienl  of  fnction  between  pinion  gear  surlbces 
Ac/Ao  = niiio  of  real  area  of  contact  to  nominal  area  of  contact 
The  lubricants  and  the  surface  roughness  parameters  t)r,/  Ac/Ao  are  evaluated  for 
each  case  in  chapter  4.  In  this  chapter  they  are  assumed  to  be  constant.  For  the  practical 
range  of  oil  film  thickness  and  same  pinion  and  gear  material  the  heal  poniiion  for  the 
pinion  and  gear  is  tt;*0.5  [27], 

The  temperature  rise  values  for  gear  ratios  Mg=2,5and  1 0.  eeiuer  distance 
Cs=IOJOand  50  inches,  and  dincrcni  power  between  10  to  1 00  Up  are  calculated  and 
given  In  tables  2. 1 -2.9  and  plulled  In  figures  2.3-2.11. 

It  can  be  seen  from  the  figures  that  the  lempcratuic  rises  are  significantly 
increased  for  low  numbers  of  teeth  and  high  gear  ratios.  The  decrease  of  center  distance 
also  increase  the  temperature  rises.  Therefore  the  temperature  rise  should  be  given 
serious  consideration  for  low  numbers  of  teeth  and  the  high  gear  ratios. 


(2.11) 
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(2.12) 

(2.13) 


given  in  cableM3.TI 


M,=  1.2.4,10 
To  = 20  in. 


IS 


Fieuir  2-1  Moving  band  of  heat  sources  on  a semMnfinJte  solid 
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Figure  2-2  Radii  ofcun'aiure  of  meshing  looth  prollles 
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Figure  2-3  Temperature  rise  plot  versus  load  and  number  of  leelh  for  (Cj«10  in..  Mg*2) 


I^Q9e10n 


Figure  2-4  Tcmperaiuro  rise  pim  versus  load  and  number  of  creih  for  (Cj=10  in..  Mg=5) 


Ug>10Cd>10h 


Figure  7~5  Ten 


umber  of  iccth  for  (Cu=l  0 ia.  Mg=  1 0| 
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I for  (Cd=20  in..Mg=2) 


Mg>S  Cd°2C  m. 


Figure  2-7  Tempeniiurc  rise  plot  versus  load  and  number  of  leelh  for(Cj=20  in..  Mg*5) 


Fitiurti  2-8  Tcmperalure  rise  plot  ’ 


I load  and  number  oF  leeih  for  (Cj*20  in..  Mg' 


ri<9<co^ 


Figure  2-9  Temnerauire  rise  piol  versus  load  and  number  of  leelh  fcr(Ca=50  in..  Mg=2) 


FI  gun:  2-10  Tetnperalure  rise  ploc  veraus  Inad  and  mmibcr  of  iccUi  for  (Cj=50  in,,  Mg»5) 


Ug:10Cd=S0n 


Ficure  2-1 1 Temperaiure  rise  plot  versus  load  and  number  of  lecih  for  (Cd=50  in.. 
Mg=10) 


Benre  2-12  a)  Numinoi  Uicnnal  stress  and  b)  Mechanical  coninci  stress  plots  versus  gear 
ratios  and  number  oftecih  for(Cj=20  in..  Load  (W,1  = I000  !b.) 


f!!! 
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Table  2-1  TeniBeraiurc  rise  values  versus  load  and  number  ofieelh  for(Cj=10  in.,  Mb“2) 


Table  2^  Temperauire  rise  values  versus  load  and  number  ofleelh  for  (Cj-lO  in..  Mg=5) 


able  2-3  Tcmperaiurtf  rise  values  versus  load  and  number  oriecih  for  (Cd=10  in.. 
Mg=!0) 


Table  2-5  Te 


a:ihfor(Cj-20  in..  Mg'S) 


3f  uwih  for  (Cj=50  in..  Mg=2) 


TaycilTemperaiure  rise  values  versus  load  and  number  ofiecih  for  (Cj=50  In..  Mg=5l 


for  <C„-20  in-  load  (W,)=l(K^b)''"^  S'“^  »ln»  “J  "umber  of  lecih 


gear  ralios  and  number  of  teeth  for  (Ca=20  in..  Load  (W,)=1000  lb.| 


CHAPTERS 

DIMENSIONLESS  RELATIONSHIP  FOR  CONTACT  STRESS  MODIFICATION 
Thermal  Stress 


Thermal  stress  is  the  stress  arising  from  non-uniform  icmperaliirc  hisiribulion. 
When  the  material  is  subjected  to  a temperature  gradient,  the  malerinl  tends  to  exlend 
more  on  the  higher  temperature  and  iras  on  the  lower  temperature  side  of  the  temperature 
gradient  (29],  Thctmai  deformation  simply  means  that  as  the  ■thermal"  energy  land 
temperature)  of  a malerinl  incrca.ses.  so  does  the  vibralion  ofits  atoms  and  molecules; 
and  this  increased  \ ibration  resulls  in  what  can  be  considered  a stretching  of  the 
molecular  bonds- which  causes  the  material  to  expand.  A system  of  ihemial  suains  and 
ihcimal  stresses  may  be  introduced  which  are  dependent  on  Ihe  shape  of  body  and  the 
lemperatuie  distribution. 

The  theimal  suess  equation  as  given  in  equation  (2.11)  and  rewritten  below  is 
depend  on  material  parameters  such  as  modulus  of  elasticity  (£).  thermal  expansion 
coelTicieni  (a,),  poison's  ralio  (v)  and  Ihe  temperature  gradient  (AT). 

-■iTSv  '>■'> 

A linear  relationship  between  the  stress  and  strain  within  the  elastic  region  is 
given  by  Hooke’s  law  and  represented  by  equnlion  (3,2)  as 

= sE  (3.2) 

where,  a « Lhermaj  strain. 
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Allhough  brittle  tiiaiefials  may  foil  In  one  cycle  oflhermal  stress  applicolion. 
ductile  maieriols  mpy  require  one  or  more  cycle  of  Ihemial  stress  before  fracture  is 
generated.  Failure  under  repctiiis-c  application  ofthennal  stress  is  called  rtcrBio/.irre.ii 
fatigue,  'niemial  fatigue  is  defined  as  the  gradual  deterioration  and  eventual  cracking  of 
material  by  altemoie  heating  and  cooling  when  free  thcrrool  expansion  is  partially  or 
totally  constrained  [29|. 

The  experimental  studies  shmved  that  for  the  same  plastic  strain  range,  the 
number  of  cycles  to  failure  were  much  less  for  thermally  cycled  specimens  than 
mechanically  cycled  specimens  |29J0|. 

Low-Cvcle  Fatigue  and  ilitih-fh-cle  Katicue 

Fatigue  failure  investigation  over  the  yeaix  has  led  to  the  observation  that 
tlic  Ihtigue  process  actually  consists  of  two  domains  of  cyclic  siressing  or  straining.  One 
of  the  failures  occurs  as  significant  amounts  of  plastic  strain  resulted  from  high  cyclic 
load  and  low  number  of  cycles.  This  domain  commonly  refcticd  to  as  tow-cjtfe/a(/gue. 
■fhe  other  type  is  iliat  the  strain  stays  in  the  clastic  range  tviih  low  cyclic  load  and  high 
number  of  cycle,  which  is  referred  to  as  A/g/nyv/e/iit/gue.  The  high<ycle  Ihtigue  range 
generally  is  defined  as  failure  in  50000  cycles  or  above  (3 IJ. 

Generally.  low*cycle  thermal  fatigue  failures  under  high  temperalures  are 
observed  as  inierciy  stnilinc  cracks  and  high-cycic  fatigue  with  moderate  tempcralure 
cycling  are  observed  as  transciy  sialline  cracks.  For  iranactyslalline  failure,  fatigue  crocks 
propagate  through  grains  along  slip  bonds  on  crystallographic  planes.  On  the  other  hand. 


)^u^^c^>'$Ealli^c  cracking  refers  to  separation  along  the  boundaries  between  grains  i 
result  of  rotation  and  movement  of  the  entire  gmin  [32|. 


Thermal  Shttek 

When  the  thermal  stress  is  generated  by  sudden  changes  in  temperature,  the 
process  is  referred  to  as  Ihermal  shock  The  stresses  induced  in  thermal-shock  arc  often 
greater  than  those  due  to  slow  heating  and  cooling.  The  matenaJs  may  be  umbrittied  by 
rapid  application  of  stress  and  ihcrcrorc  may  not  be  able  to  withstand  the  thermal-shock 
[29],  Thermal-shock  stress  is  charaeterined  as  a severe  sires  field  generated  in  a structure 
by  sudden  application  of  a large  heat  flux,  which  incmases  Ihe  surface  lenipenuure 
insianiancously  |33|. 

The  thermal  shock  resistance  of  brittle  maleriols  is  determined  by  the  temperature 
rise  that  will  cause  failure  in  one  load-cycle.  The  maximum  shock  lemperalure  for  failure 
to  occur  using  die  single  cycle  crilcriaion  is 


for  low  value  of  Biot's  modules  (P)  (mild  shock),  and 


(3.3-a) 


for  high  values  of  p (severe  shock). 
where  o......  = Ihe  maximum  suxss 

ofi=  Ihc  breaking  stress  (fraclure  sires) 
0 = ihermal  expansion  coe^cienl 
E~  modulus  of  clasiicily 


(3.3-b) 


(p=u//'*),  isUic  Biot's  modulus,  a dimaisionless  heal  transfer  parameter,  that 
depends  on  the  cmissivity  H.  ihermnl  conductivity  ih.  and  the  characlerialic  size  of  the 
body  u.  The  implication  of(3.3-aJ  and  (3.3-b)  is  lhat  for  large  P the  conductivity  does  not 
inlluence  the  Umpcraiuie  that  can  be  toleruled  without  failure. 

For  ductile  materials,  failure  occurs  with  multiplC'Cycles  rather  than  being  caused 
by  a single  application  of  load.  3'hc  failure  of  ductile  mau-iials  due  to  repealed  thermal 
shoch  loading  is  given  os  [29] 

/V,=U(a(/ir,)-2f.)''  <3.4) 

where  G and  c/  are  constants 

a = the  thermal  expansion  coefitcieni,  /T 

iTii  = change  in  temperature,  "F 

a,  < the  clastic  limit  of  the  materinl,  psi 

Endurance  l.imii 

Most  metals  follow'  the  characteristic  pattern  of  failure  occurring  at  an 
increasingly  larger  number  of  flexing  cycles  when  the  stress  Is  reduced.  The  endurance 
limtl  is  Ihe  highest  stress  at  which  material  can  he  subjected  to  repeated  slraas  without 
lailure.  This  value  is  obuiincd  from  a stress-number  of  cycle  (S/N)  diagram.  Ferrotw 
metals  usually  exhibit  a characteristic  knee  In  Uielr  plots,  as  shown  in  figure  3-1  and  the 
endurance  limit  Is  the  asymptote  [34 ].  Moreover,  some  materials  do  not  have  well- 
defined  knees,  in  this  case  usually,  the  fatigue  limit  at  a high  cyclic  life  (>IO^cvdes|  will 
also  becniled  the  endurance  limit. 


Combined  Thgrmal  and  Mechanical  Stress  Effgcu  on  Faiigug 
Thermal  stress  evcMng  coupled  wiih  the  mcchunical  stresses  developed  in  the 


ospcrii)  contact  interaction  cause  cracks  to  appear  early  in  the  life  of  rolling-sliding 
contact  elements  |2Q]. 

lixperimentol  studies  for  investigating  the  repeated  thermal  shock  stress  effects  on 
bending  fatigue  of  two  types  of  high-carbon  (4340-4350)  and  low-carbon  (1020)  steels 
arc  reported  in  reference  (27j.  The  tests  were  done  to  idemietd  specimens  with  and 
without  thermal  shock  applicaiioa  The  results  of  the  tests  are  given  in  ligures3-2  to  3-3. 

The  results  prove  that  high-carbon  steel  endurance  limit  is  decreased  45%  with  40 
thermal  cycles.  For  1020  low-carbon  steel  endurance  limit  is  also  decreased  but  only 
12%. 

The  above  study  shows  Ihc  material  life  is  dependent  on  the  combined  mechanical 
and  thermal  stresses  when  the  component  is  under  application  of  both  loads  [27]. 
Therefore,  the  following  design  criterion  is  applied  in  this  study. 


where.  i»,  = the  mechanical  tensile  stress  on  the  surface 
B,  - the  thermal  tensile  slresson  the  surface 
tf.  = the  ultimate  tensile  strength 

= the  ratio  of  the  fatigue  limit  due  to  mechanicoi  loading  to  the  ultimate  tensile 

slrenglh 

K,  = the  ratio  of  the  thermal  fatigue  limit  to  the  ultimate  tensile  strength 


(3.5) 


>f  -'i’  , 


Ao.  Ac  are  nominal  and  real  area  ofconlacl 


Crf*  Center  distanec 


ojp  = angular  velocity  of  pinion 


HP  - applied  load  (horse  potver) 


The  modiricalion  factor;  (K)  and  - 


are  evaluated  for  gear  ratios 


2,  S and  1 0.  comer  distance  10. 20  and  50  in.  and  load  10  to  ICO  Hp  for  the  following  data 
and  eonditiona; 

Steel  data: 

» 30kpsl  a„M  = 9.61  si  O'*  in/in-°F 
»«,!  = 6.693  in-lbfin-s-‘’F,p^,  = 0.283  lb ! in',  c 1035  in-lb/  lb-"F, 

Gear  materials: 

4340  high-carhon  steel  and  1 020  hw<arbon  steel. 

Ultimate  strength  of  ntaleriols: 

Two  coses  are  considered  for  determining  the  allowable  ultimate  stress. 

In  the  first  case,  the  temperature  elTcci  on  reducing  the  ultimate  stress  is  not 
considered  and  the  values  used  this  case  arc: 

Op  (4240  high'Carbfm  xleci)  =I86xlo'  psi. 
ap(ID20laK.cacbunsUcl)=  lOOalO'  psi. 

In  the  second  case  ultimate  strength  is  considered  to  be  effected  by  the 
temperature  rise.  The  values  of  the  ultimate  strength  in  this  case  are  given  by  figure  3-5. 

Pinion  rotational  speed  (u)p)  = 180  rad'sec.  pressure  angle  (y)  * 20*’,  heat  partition 


coefficient,  (o)  = 0.5.  and  the  eocfiicicnt  of  friction  (/)  = 0.05  are  used  in  the  calculations. 


jiff-fe) 


e5  3-tl  lo3-l2and  pic 


Figure  3-1  Typical  i 
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Fatigue  Life  (cycles) 

Fiaure3-2.  Fatigue  data  for  4340  simI  (High  carbon).[27) 
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Figure  3-3  Faligue  dala  for  1 020  low  carbon  slcel  (27) 
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Finge  3-4  Design 


I plot 


M0=2  Cd=10m. 


Figure  3-6  Design  I'nctor  l/^d  + ^ ) versus  Inad  and  number  of  leelh  for  (0^=1  Oin.. 
Mg=2) 


Figure  3-7  Design  faclor  l/ + versus  ioad  and  number  of  leelh  for  (Cj=20in., 

Mg=2) 


Mg=2Ca=S0i 


Figure  3-8  Design  factor  *K  / versus  load  and  number  of  teeth  for  fCa=50in.. 
Mg=2) 


17  18  19  20  21  22  23  24  2S  26  27  28  29  30 


Figure  3-9  Desiim  fticiur  l/VCI  + K ! versus  load  and  number  of  Icelh  for(Cs»IObi„ 
Mg=5| 
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Figure  3-10  Design  ftclor  versus  load  and  numberof  teeih  for  (Cj*20in., 

Mg=S) 
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M9®6Cd=S0in 
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Figure  3-11  Design  factor  i/^fl+Zf;  versus  load  and  number  of  leech  for  (Ce=50iru. 
Mg=5) 


Figure  3-12  Design  facior  versus  luaJ  and  number  of  leelh  for(Ce“IOin„ 

Mb”I0) 
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Ficure  3-13  Design  factor  l/^f  1 + A' ; versus  load  and  number  of  cccih  for  (Cd=20in.. 
Mg=IO) 


Mg=10Cd*50  in 


Kigure  3- 1 4 Design  faclor  l/^TTfTl  vereus  load  and  number  of  iccih  lbr<C<i=50in., 
Mg=5) 
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M9«2Cd=10in 


Fiuure  3-I5  Design  factor  -r 


i load  ami  number  of  teeth  for  (Ca=10  in.. 


Mg=2) 
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Np 


Figure  .1-16  Design  faclur  ^ 


; load  and  munhcr  of  leech  for  (Cj=20  in- 


Mg-2) 


Mg’2  Cd^SOir 
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Figure  3-17  Design  factor 


^ versus  load  and  number  of  teeth  Ibr  (Cu=50  in. 


Mg-21 


Mg=5Cd=10  In. 


Np 


Figure  3-18  Design  fiiciur 
Mg=5) 


i load  and  minibcr  of  (eeth  for  (Cj=IOin.. 


Mg»5Cd=20in. 
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Figure  3-19  Design  faclor 


= versus  load  and  number  of  leeih  for  (Ce=20  in,, 


Mg=S) 


Mg=5  C0*80  ia 
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ngure3-20  Design  factor  versus  load  ami  number  of  teeth  for  (Cj=50  in.. 

Mg-5) 


Mg=10Cd=10ia 


Figure  3-21  Dcsigii  facior  ^ 


versus  luad  and  number  ofleelh  for  (Cd-IOin., 


Mg.  10) 


Mg=10Cd=20  rn. 


Mg=10) 


I load  and  number  of  Icelh  for  (C<=20  in.. 


Mg=10Cd=5 


Figure  3-23  Design  faclor  versus  load  and  number  of  teelli  fbr(Ca=50  in.. 

Mg=iO) 
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Table  Faclors  Kr.  Km  lor  combined  mechanical  and  ihermal  faiigue  for  4340  high 
carbon  atcel  and  1 020  low  carbon  sleci 


4340  High  carbon  steel 


1020  Low  carbon  steel 


5US  load  and  nmiibet  ol' teeth  Tor  (Cj-10in_ 


Ta|)le?-.' Design  liicinr  l/^f  1 + A' ; s-cisus  load  and  mimber  of  teeth  for(Cj=20in 
Mg=2) 
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}-A  Design  factor  l/.J(\  + K)  versos  load  and  naniher  of  teeth  for(Cd=J0  in., 


trial;  3-7  Design  faclor  1/,/^!+^  versus  load  and  number  of  leech  for  (Cj=50  In.. 
Me=5) 


Tabic  ;-9  Design  factor  versus  load  and  number  of  lecih  for  (Cj»IO  in., 

Mg'IO) 


Tabic  3-10  Design  factor  l/  K)  versus  load  and  number  of  teeth  for  (Cd*S0  in.. 
Mg=10] 


Tpble3-I2  Design  facior 
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; load  and  number  of  tccih  for(Cj“20  in..  Mg=2) 


Table  3-13  Design  facior  versus  load  and  number  of  leelh  for(Ci=50  in.,  Mg=2) 


Table  3-14  Design  factor 


versus  load  and  number  of  teeth  for  (Cj”  10  in..  Mg=5) 


•(Cj=50  in..  Mg=5) 


loud  and  number  of  iccth  for  [Ca=S0  in.. 


Cl  lAP l ER  4 

INVESTIGATION  OF  THE  EFFECT  OF  SURFACE  ROUGHNESS  AND 
LUBRICATION  ON  MAXIMUM  TEMPERATURE  IN  THE  CONTACT  ZONE 

Lubricaling  Film 

When  two  dcim  surfaces  slide  with  no  lubricant  between  them  (dry  conditionl  the 
friction  force  at  the  intcrtiice  decreases  siighU)  with  sliding  speed  and  is  independent  of 
contact  area  [27],  The  friction  resistance  increases  with  the  applied  notmal  load  on  the 
surfaces  and  is  dependent  on  the  physical  nature  of  the  surface. 

Sliding  surfaces  can  be  separated  by  a lubticonl  film  so  that  there  will  be  no  direct 
contact  between  surfaces.  Under  such  conditions  the  physical  characteristics  of  the 
surfaces  are  insignilicam  for  the  friction.  In  this  case,  the  friction  of  rcsisuince  is 
independent  of  load,  and  is  generally  proportional  to  the  speed  and  the  viscosity  of  the 
lubricant,  and  inversely  proportional  to  the  thickness  of  the  lubricant  filin.  When  the 
lubricant  film  thickness  is  of  the  same  dimension  as  the  surface  roughness  the  laws  of 
hydrad5-namic.s  no  longer  apply.  This  case  is  called  boundary  friction,  which  can  be  the 
result  of  heavy  load,  stoning  front  rest,  slow  sliding  speed,  and  reversal  of  sliding 
direction 

For  highly  loaded  lubricated  cylindrical  contacts,  the  film  thickness  is  affected  by 
the  elastic  deformation  of  the  material.  This  regime  is  known  as  elastohvdrodynamic 
lubrication.  Under  such  conditions,  with  the  assumption  of  smooth  surfaces  without 
asperities,  a simplified  film  thickness  equation  is  given  by  Dowson  and  Higginson.  (35|. 


y,J^.  is 


The  lubrieanl  vlscueiiy  UN^Iy  influenced  by  Ihe  L-mperntun.-.  Accordingly,  the 
ihcrmel  cffeci  due  U)  the  gencmied  liealon  die  lubrieanl  should  be  considered  when 
calculating  the  lubricant  lilm  Ihickncas.  A coireclion  fuclor.  which  U dclined  as  a ralio  of 
the  thermal  film  thickness  to.  that  predicted  by  isothermal  theory  [37]  con  be  given  as: 

C'fo  1 ...  1 (4.6) 

I•^.’4I^(I  + I4.8Z•"•')^'“'|  ' 


is  Elide  to  roll  ratio 


is  thermal  loading  parameter 


jl,  the  lubricant  leniperalure-vlscosiiy  coellicieni.  found  in  the  viscosity  model, 
tg . the  lubricant  thermal  conductivity,  then  the  dynamic  viscosity  including  the  thermal 
cITeet  becomes. 

The  dimensionless  dim  ihickncs.s.  which  is  a function  of  the  slide  to  roll  ratio,  (Z). 
and  the  thermal  loading  parameter.  (LX  is  therefore  given  as 

The  thermal  loading  pommeter  can  be  negligible  for  low  rolling  speeds  (£<0.l). 
However,  for  high  speeds  or  high  viscosity  lubricants  it  can  lead  to  a substantial  change 
in  dim  thickness. 

Manufacturing  Process  and  Surface  Rouehness 


The  surface  of  real  bodie.s  is  not  ideally  smooth.  In  machining  engineering 
materials,  surface  roughness  is  created.  Surface  roughness  plays  an  important  role  in 
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macliinc  design.  During  a metal  culling  operation,  a machined  surlhcc  is  created  as  a 
result  of  the  movement  the  tool  edge  relative  to  the  work  piece.  Although  various  factors 
affect  the  surface  condition,  it  is  generally  accepted  that  the  cutting  pammeicrs  such  as 
speed,  feed.  niie.  depth  of  cut  and  tool  nose  radius  have  significant  inlluettce  on  the 
surface  geometry.  The  surface  roughnes.s  improves  with  increasing  machine  tool 
stiffness,  cutting  speed,  and  tool  nose  radius,  and  decreasing  feed  rate  [38>40]. 

Some  other  studies  indicated  that  tool  wear  causes  the  surface  finish  to  deteriorate 
rapidly  and  has  a direct  effect  on  the  masimum  roughness  (41  ].  Based  on  an  extensive 
experimental  study  using  a lathe.  Ifasegawa  cl  al.  |42J  developed  a suilislical  rclalionship 
of  peak  to  vaJIcy  surface  roughness.  R„,„  in  lemis  of  culling  speed,  feed  rale,  depth  of 
cut.  and  tool  nose  radius  using  a response  surface  method.  The  statistical  relationship  is 
given  as 

=e25f-"V'V‘“r-*‘'  (4,9) 


t feed  rate 
r = tool  radiiut 
d * depth  of  cut 

A piecewise  dynamic  solution  of  the  interaction  between  the  tool  and  work  piece 
system  in  turning  is  reported  by  Jong  and  Seireg  [4 1 j.  A generalized  computer  based 
model  is  developed  for  predicting  surface  roughness  for  any  given  condition  which  lakes 
into  consideniiiun  all  the  important  parameters  influencing  deterministic  vibratory 
behavior  of  the  machine  tnol'Work  piece  system.  The  parameters  considered  in  the 
simulations  are  the  feed  rate,  cutting  speed,  depth  of  cut.  radius  of  the  cutting  edge,  the 


dimensions  ofihc  work  piece,  and  the  mass,  sUITness,  and  the  damping  of  the  machine 
ainiclure  as  well  as  the  culling  lool  assembly.  They  have  utilized  die  simulaiion  lo 
develop  generalized  equation  for  surface  roughness  based  on  ouipui  from  the  vibratory 
model.  A generalized  equation  of  (he  following  form  is  developed; 

=.'I"/‘V‘V‘  (4,10) 

The  results  as  generaied  from  the  simulaiion  for  cutting  conditions  covering  the 
practical  range  of  applications  are  used  in  a regression  analysis  to  obtain  the  best  fa  for 
the  equation  parameters  C,  */,  *.%  fa  and  fa 

AH  the  simulated  results  were  curve-fined  to  give  the  following  equations: 

C'  = 7,0’-2,2(l-e''“"”'**) 
fa  = •0.37l2*0.37l2(l-e-^'’''^'; 
fa  = 0.6302+1, 362iS(l-e'*'”“^'^J 
fa  ••  0.5425-fl.5425(l-e-'*-^’^'’^; 
fa  = -0.3419-0.6523(l-e‘'"-’''^") 
where  to  « natural  Irequency  of  tool  assembly  (Hz) 

These  equations  arc  applicable  Tor  the  follovving  conditions: 

3fpl0*N/m 

61  m/min  < l'<  305  m/min 
0. 1 27  mm/rev  < /<0,88  mm/rev 
0.31  mra<t/<0.7l 


0.79mm<r<2.38 


The  Compel  Bemeen  Rouah  SurfacCT 

When  rough  surfaces  come  imo  conioei  the  conlacl  is  discrete  (figure  4*1).  The 
sum  of  these  discrete  coniaci  ureas  fonns  the  real  contact  area.  The  real  conlacl  urea 
defines  those  pans  of  the  surfaces  tshere  ihcie  is  strong  interaction  between  the  bodies 
and  determines  the  dimensions  of  the  heat  source  in  frictional  healing  'fhe  surface 
damage  to  solids  during  sliding  is  also  closely  related  to  the  sbs  of  the  nml  comaci  area, 
since  the  most  stressed  maieriat  near  the  surface  arc  determined  by  the  real  coninci 
dimensions,  ihrnration  of  the  real  comaci  area  under  load  occurs  as  a result  of  the 
inieipenelraiion  or  compressive  deformation  of  individual  asperities. 

ilertz’s  solution  1 18951  of  the  contact  problem  based  on  elaslieity  theory  is  widely 
used  in  caJculadng  the  real  comactorea  for  smooth  soiids.  For  the  case  of  spherical 
surfaces,  the  conlacl  area  I A,)  changes  with  the  loadN  according  to  the  following 
relationship: 

(4,11) 

In  1939  Bowden  and  Tabor  (43|  established  that  the  real  area  of  contact  is  directly 
proportional  to  load.  They  consequently  assumed  drui  all  real  contacts  are  in  the  plastic 
stale.  Archard  (44,45]  calculated  a whole  range  of  "multistage  ’ models  for  "spheres  on 
spheres"  and  reached  the  conclusion  based  on  elastic  dcformalion  that  the  real  conlacl 
area  follows  the  approximate  relation: 

A,kN“-“  (4.12) 

In  this  mode],  newly  formed  conlacl  points  accouni  for  the  Increase  of  real  contact 
urea  with  an  increase  in  load  morc  than  the  increase  in  size  of  the  existing  conuici  points. 
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Tlic  Greenwood- Williamson  surface  model  [45|  ireaii  the  comacl  of  two  rough 
elastic  surfaces  as  the  eonlact  of  equivalent  elosiic  rough  surface  and  smooth  elastic 
plane.  This  model  is  used  to  calculate  Uic  real  area  of  contact  for  the  rough  surfaces.  The 
rough  surface  is  assumed  to  be  covered  with  asperities  whose  summits  are  all  spherical  in 
shape  and  with  constant  asperity  radius  (R).  The  summit  heights  are  randomly  variable 
and  uniformly  distributed  over  a rough  surface  with  a known  density  < Aa,)  (summits  per 
unit  area).  The  mean  licighi  of  the  summits  lies  above  the  mean  height  of  the  surfaces  ns 
a whole  by  the  amount  (»).  The  summit  heights  (r)  arc  assumed  to  follow  a normal  or 
gausstan  distribution  with  standard  deviation  (o,).  The  summit  height  disiribuiiun  is 
assumed  to  be  .symmetrical  about  the  mean  summit  height.  This  model  contains  three 
parameiere  as: 

a|  R ),  the  constant  asperity  radius 

(Oi)  the  startdard  deviation  of  the  summit  heights 

c)(A»),  the  number  of  summits  per  unll  area. 

A method  of  determining  the  volucs  of  these  pommeicrs  of  the  Crcenwuod- 
Williamson  surface  roughness  model  is  discussed  by  MeCool  in  relcrence  |47j.  witli  the 
following  simpliflcalions: 

a)  Summits  on  surfaces  have  the  same  height  and  curvmute  as  peaks  on  profiles 
(e.g.  mcrLsuremcnis  made  along  one  arbitrary  direction). 

b)  Tire  number  of  summits  per  unit  area  is  the  square  of  the  linear  density  of  peaks 
along  one  direciiun. 

c|  The  peak  mean-plane  established  by  the  avenge  height  ofptonie  pt»ks  in  a 
certain  direction  is  the  same  as  the  summit  mean  surface. 
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The  rooi-mcon-square  height  (K,)  and  slope  (A,)  of  a prorde,  obtainable  os  output 
of  a piofiic  measuring  instrument  ore  used  to  dclenninc  the  three  pammelers  (fi,  0„| 
needed  for  implementing  the  Gteenwood-Williomson  model  for  an  isotropic  or 
equivalent  isotropic  surface.  Figure  4-2  shows  that  a smooth  surface  whose  height  above 
the  summit  mean  plane  is  (d)  is  situated  at  a distance  [h'd+u]  above  the  profile  meon 
plane.  The  ratio,  (h^R^=th/a„„).  often  colled  the  lubricant  film  parameter  (also  referred 
to  as  the  specific  film  thickness,  (X)|.  is  found  to  be  linearly  related  lo(<i'ff,).  Fora 
specified  value  given  the  roughness  and  profile  cbla  of  the  surlocc,  the 

dimensionless  sepamtion  td'n,}  and  therefore  the  micro*conlael  conditions  at  that  ratio 
can  be  determined  by  using  a Cireentvood- Williamson  model. 

Then,  the  area  of  contact  latio  for  different  load  and  speed  conditions  is  calculated 
using  the  following  equation: 


where,  A,  and  An  are  the  real  contact  area  and  the  nominal  contact  area  respectively,  (in'| 


Coefficient  ol’Friction  of  Lubricated  Slidina/Rolling  Contact 
There  are  many  published  empirical  formulas  for  evaluating  the  coefficient  of 
friction,  which  were  developed  by  different  investigators  under  different  experimonud 
conditions.  Therefore  ihey  may  not  correlate  with  each  other.  Ail  of  these  formulas  are 
developed  from  rest  data  in  the  thermal  regime.  Geneialized  empirical  formulas  arc 
presented  in  three  sliding/rolling  conditions,  which  can  then  be  used  to  conslrucl  the 


(4.13) 


c,  asilluslreted  in  figure  4-3.  The  first  poinl  is/,  which  gives  the  magnitude  of 
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Ihc  rolling  coetficienl  of  friction.  The  second  pcini  is which  ®ves  the  peak  value  of 


between  0 to  0.27  (0<c<0.27).  This  point  is  also  assumed  to  approximately  delinc  Ihc  end 
of  Ihc  isolhcnnal  region.  The  third  condition  is  Ihc  thermal  coefficient  of  friction./,  after 
which  the  coeflicicnl  of  friction  is  assumed  to  be  almost  Independent  of  the  slide/roll 
ratio.  In  this  chopicrour  interest  is  going  to  focus  on  the  thermal  coclficient  of  friction 
because  of  the  high  sliding/rolling  ratios,  which  are  expected  at  the  locations  on  the  tooth 
surface  where  damage  generolly  occurs. 

In  the  thermal  regime,  where  the  sliding/rolling  ralio  > 0.27.  the  coeWeienI  of 
friction  can  be  presented  as  [27]: 

l=S,-[al\-e'‘)]  (4.14) 


where  h i*  Hw  coefTioicnt  of  Iriciion  at  hn  “ 0 from  figure  4-4 


0 = 0.0864-1.372x10’ 


(%). 


where  .8^  is  Ihe  effcclivc  surhice  roughness,  from  figure  4-5. 


is  the  effective  surface  ratio,  from  figure  4-6. 


(4.15) 


f?  is  effeciive  radius. 

ha  is  the  oil  Him  thickness  as  calculated  by  Dotvson-HIgginson  formula  given  in 


equation  4.1. 
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Theracioho  X in  cquolioiU4. 15)  repnaciiis  Ihe  influence  of  Uic  lubricanl  film. 
The  miiof^f/ X ),  represent  the  influence  oflhe  surfiice  condition  resulting  from  a 
particular  manufacturing  process, 

Temoeraiuiv  Rise  Calculaliun  in  Lubricated  Roueh  Surface  Coniaci 
In  Dlls  study,  the  tempcraiuie  rise  on  the  bulk  surface  and  the  asperities  arc 
calculated  based  on  whether  the  rise  resulted  from  frictional  heat  input  or  viscous  heat 
generation. 

The  considered  luhrication  conditions  are  given  as  below. 

The  bulk  surface  is  always  covered  by  the  lubricant.  Therefore,  the  temperature 
rise  is  calculated  based  on  viscous  healing. 

The  asperity  UMipcrulure  rise  is  calculated  based  on  frictional  heating  when  the 

lubrication  parameter  X = < 1.4  implies  some  aspertp  interaction. 

The  asperity  temperatun;  rise  is  calculated  based  on  viscous  healing  when 

lubrication  paramelcr  k = > 1.4  implies  negligible  asperity  interaction. 

where,  h -is  lubrication  film  thickness 

Is  asperities  root-mean  square  height. 

Temperature  Rise  Calculation  Based  on  Fnctional  Ueatine 

The  lempeialure  rise  based  on  frictional  heal  input  is  given  by  equation  (2.9)  and 
rewritten  below  conlains  four  difierenl  paramelric  groups: 

MaleriaJ  paiametcis  dt  £.  k c), 

Geomelric  parameters  ^ fMg,  Np,  ^ xj. 

Lubrication  and  surface  parameters  AtjfAc ). 


Application  poramciera  ^(HP.  C/A 


ATi>*t,lKp,  £.  t c)x4;(Mf  Nr.t,xJx^(v,f.AoMcJX  ^/HP.  oix  Cj)  (4.16) 


, 

a'" 

In  this  chapter  the  lubrication  and  the  surface  roughness  porameicia  are  the  main 
focus  considered.  These  parameters  arc  a function  of  coefficient  of  friction/  Ratio  of 
nominal  area  of  conlact  to  real  area  of  contact  (/lo/Ac)  and  heal  partition  of  coefficient  </. 

The  coefficient  of  friction  is  calculated  by  the  procedure  following  the  equation 
(4.14)  and  the  ratio  of  nominal  area  to  real  area  is  calculated  from  Greenwood- 
Williamson  model. 

Temperature  rise  due  to  viscous  heating  is  analyzed  using  the  procedure 
developed  by  Rashid  and  Seireg.  which  is  given  in  reference  (14).  The  model  given  in 
figure  4-7  is  ulilized  to  find  the  dimensionless  temperature  ri.se  equations.  The  model 
represents  two  rolling/sliding  cylinders  having  different  radii,  thermal  properties  and  bulk 
temperatures,  which  are  separated  by  a lubricant  film  iviih  thickness  h.  The  heal 
generation  zone  wlih  Lhickncs.s  w represents  the  liquid  region  where  the  lubricant 
undergoes  a high  shear  rate.  At  moderale  to  hi^  sliding  speeds,  the  magnitude  of  w is 
assumed  to  be  approximately  O.lh.  In  order  lo  simplify  the  derivation  of  the 
dimensioniessequation  for  this  case.  »•  is  Initially  assumed  to  be  equal  to  zero.  Then  the 
equations  are  given  as  [26] 
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lempcraiure.  Two  difTerem  surface  manufacturing  processes,  fine  and  the  rough  ground, 
are  also  considered,  fhe  properties  oflubricanlfoil  30)  and  the  materials  used  are  given 
in  table  4.3. 

The  cnlculailons  are  done  for  load  10  Hp.  gearratios  2,5  and  10.  the  number  of 
teeth  AtjO  between  1 7 to  36  and  center  di.slance  Crr|0  in.. 

Numerical  Results 

Case  I.  Temperature  rise  is  calculated  for  fine  ground  gears  with  the  assumption 
of  constant  oil  viscosity  corespording  to  an  inlet  temperature  |80  ‘‘FJ.  The  results  are 
given  in  tables  4.4  to  4.6. 

Case  2.  Temperature  rise  is  calculated  for  rough  ground  gears  with  the  assumption 
of  constant  oil  viscosity  corresponding  to  an  inlet  temperature  (80  °F)-  The  results  are 
given  in  tables  4-7  to  4-9. 

Case  3.  Temperature  rise  Is  calculated  for  line  ground  gears  with  the  assumption 
ofconsianl  oii  viscosity  corresponding  to  Ihe  maximum  bulk  surface  temperature.  The 
tesulLs  are  given  in  tables  4.10  lo  4.|2. 

Case  4.  Temperature  rise  is  calculated  for  rough  ground  gears  with  the  assumption 
of  constant  oil  viscosity  correspondmg  to  the  maximum  bulk  surface  temperatuie.  The 
results  are  given  in  tables  4- 1 3 to  4-13. 

The  viscosity  lempcralun:  relationship  used  is  given  by  Ihe  following  equation: 
flT)  = (4.22) 

where  h is  constant  (for  oil  30  h*  1361  °F). 

T is  the  temperature  (°F). 

S Is  constant  which  is  equal  to  95  °F 


M- is  lubricant  referenM:  viscosity  (mo*I. 41s  10"* rcyn.) 

In  ease  3 and  case  4 the  viscosity  and  the  surface  temperature  found  by  iteration 
as  illustrated  in  the  flow  chan  in  llguie  4-3. 

The  results  show  that  the  temperature  rise  increases  with  the  decrease  of  the 
number  of  teeth  and  the  increase  of  the  gear  ratio.  All  the  temperature  calculations 
resulting  from  viscous  shear  input  are  based  on  the  two  estreme  assumptions  of  oil  film 
viscosity  either  at  the  inlet  temperature  or  at  the  maximum  surface  temperature.  Some  of 
the  temperature  rise  values  calculated  based  on  these  assumptions  ate  exiranely  high  and 
should  be  considered  only  as  representation  of  trends  More  realistic  caJculations  of  shear 
heating  have  to  lake  into  consideration  the  change  in  the  viscosity  and  other  oil  properties 
gradually  with  temperature  and  pressure  within  film  contaci  zone.  This  consideration 
requires  \-ety  intensive  computations  and  is  beyond  the  scope  of  this  study. 

From  this  investigation  it  can  be  assumed  that  the  lemporature  rises  on  the  surface 
and  on  the  asperities  are  somewhere  between  the  calculated  temperatures  based  on  the 
assumed  extreme  conditions. 

The  temperature  rise  based  on  viscous  shear  heat  input  is  assumed  to  be 
independent  of  the  load  af^licd.  Further  calculations  are  done  spccificaily  for  the 
temperature  rise  on  the  asperities  for  fine  and  rough  ground  gears  subjected  to  loads 
between  10  toIOO  Hpand  gear  ratios  of  2 and  10  respectively.  The  results  of  the 
calculations  arc  given  in  table  4*8  to  4.1 1.  The  results  show  that  the  temperature  rise  is 
highly  affected  by  the  increase  ol'geor  ratio  and  decrease  of  number  of  teeth  for  the  shear 
heat  input  case  and  also  effected  by  load  for  the  frielional  heal  input  case.  The  surface 
roughness  also  affects  the  lemperaluie  rise  indirectly.  Fine  ground  gears  are  generally 


subjeclcd  lo  viscoiu  heal  input,  which  reduces  the  temperaiure  rise  al  ihe  ospcrilics. 
Rough  ground  genre  are  generally  subjected  to  frieiional  heal  input  due  to  the  higher 
aspcnly  height.  Accordingly,  the  a,sperity  temperaiure  of  the  rough  ground  surface  is 
generally  higher  than  the  fine  ground  surface  although  the  hulk  surface  icittperalures  are 


The  same  approach  given  in  chapter  3 for  contact  stress  modification  is  applied  in 
Ihis  chapter  using  the  icmpcialure  rises  calculated  In  section  4.fi  for  the  asperities  in  the 
lubricated  condition.  The  modification  factors  arc  calculated  by  using  the  equation  (3.7) 
for  high  carbon  steel  (4340)  and  low  carbon  steel  (1020)  gears  with  rough  and  line 
ground  surfaces.  As  in  Ihe  case  of  the  temperature  rise  calculations  the  viscosity  of  the  oil 
film  is  based  on  both  the  inlet  temperature  maximum  surface  tcmperalLUC  assumptions. 

The  results  of  the  contact  stress  modification  factors.  K,  are  given  in  tables  4-24 
to39.  The  parameter  = which  represents  the  mechanical  component  of 

the  touil  allowable  stress  for  a given  number  of  cycles  under  the  combined  thermal  and 
mechanical  loading  is  also  calculated  and  the  results  are  given  in  tables  4-40  to  4-47  and 
plotted  in  figures  9 10  16  for  viscosity  based  on  inlet  temperaiure  and  tables  4-48  to  4-55 
figures  17  to  24  for  viscosity  based  on  maximum  surface  lemperaiim:. 

The  results  show  that:  high  carbon  steel  gears  are  significanily  more  affected  by 
the  thermal  stress  than  low  carhon  steel  gears.  Increasing  the  load  also  increases  Ihc 
effect  of  thermal  stress.  Decreasing  the  number  of  teeth  increases  the  effect  of  thermal 
stress.  Fine  ground  gears  are  less  influenced  by  thermal  stress  than  rough  ground  gears. 


Figure  4-2  Comaci  of  a rough  surfac 


Fimire  4-3  VaiiBljoti  ofcoefncieni  offriclion  with  slide/roll  ratio;  Vs  = .0.303  m/sec.  [27] 


Figure  4-4  Coefftcienl  of  fnclion  at  ho^Rffg  ~ 0 against  nominal  ^ HV 
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Figure  4-6  ERccIive  (5^/R;,  again 


oinalSec/fl/J?; 
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loaded  slidinij/rollinB  cylinder  (26] 


Fieure  4-7  Lubricated,  heavily  I 


Fiiiure  4-8  Flow  chan  of  lempcraluro  rise  calculation,  where  viscosit>'  conslam  at 
mauinum  surfoce 
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Fiiiure  4-9  Desitfn  facior  l/^(]  + K)  versus  numbor of i«Ui  and  load  for  roush  ground 
and  4340  higli  earbun  sicci  gear,  gear  ralio  Mg=2.  center  distance  Cd»I0  and  constant  oil 
viscosity  oi  inlet  temperature 
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1-igure  4- 1 0 Design  faetur  1/  versus  number  of  Icclh  and  load  for  tou^  ground 

and  4340  high  carbon  sicel  gear,  gear  ratio  Mg=IO.  center  dislance  Cd'lOond  constant 
oil  viscosity  at  inlet  icmperaiurc 
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FimATe4-1 1 Design  factor  + K1  versus  number  of  teeth  and  load  for  fine  ground 
and  4340  high  caibon  steel  gear,  gearratio  Mg-2,  center  distance  Cd=l0  and  constant  oil 
viscosity  at  inlet  lempeinltire 
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Figure  4-12  Design  feclor  \l^(\  + K ) versus  number  of  leeth  and  load  for  fine  ground 
and  4340  high  carbon  steel  gear,  gear  ratio  Mg=  1 0,  center  distance  Cd=  1 0 and  constant 
oil  viscosi^  at  inlet  temperature 
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Figure  4-13  PesiQii  faclor  l/^fl4A'>  versus  number  of  leelJi  and  load  for  rough  ground 
and  1 020  low  carbon  sleel  gear,  gear  raiio  Mg=2,  center  distance  Cd=l0  and  coosrani  oil 
viscosity  at  inlet  temperature 


FiEun!4-l4  Design  factor  \!4<\*K)  veisiu  number  of  teeth  and  load  for  rough  ground 

and  1020  low  caibon  steel  gear,  gesr  ratio  Mg=  10.  center  distance  Cd=10  and  constmil 

oil  viscosity  at  inlet  temperature 


EiRUfe4-IS  Design  factor  l/  versus  number  of  teeih  and  load  for  flnc  ground 

and  1020  low  carbon  sleci  gear,  gear  ruiio  Mg=2.  center  dislance  Cd-IO  and  conslam  oil 
viscosity  at  inlet  lemperaiuru 
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Fiaun:  4-16  Design  factor  l/^O  *K)  versus  nuirber  of  teeth  and  load  for  fine  ground 
and  1 020  low  carbon  steel  gear,  gear  ratio  Mg=  1 0,  center  distance  Cd=10  and  constant 
oil  viscosity  at  inlet  temperature 
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Figure  4-17  Design  faciur  l/ ^(l  + K/  versus  number  of  teeth  and  load  for  rough  ground 
and  4340  high  carbon  steel  gear,  year  ratio  Mg*2.  center  distance  Cd-10  and  constant  oil 
viscosity  at  maximum  surface  tempernture 


Figure  4-18  Design  feclor  l/  ^(l  * K/  versus  number  of  iccih  and  load  for  rough  ground 
and  4340  high  carbon  sieel  geor.  gear  ratio  Mg=lD,  center  disuncs  Cd»IO  and  consuinl 
oil  viscosity  at  moxiinimt  surlscc  temperature 
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Figure  4*19  Design  factor  K ) versus  number  of  teeth  and  load  for  fine  ground 

and  4340  high  carbon  steel  gear,  geartnlio  Mg>2.  center  distance  Cd=IO  and  constant  oil 
viscosity  at  maximum  surface  temperature 
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Figure  4-20  Desiim  factor  Kjjo  + ) versus  number  of  leelh  and  load  for  fine  ground 
and  4340  high  carbon  sleel  gear,  gear  raiio  Mg=IO,  cenlcrdisionM  Cd=IO  and  consmni 
oil  viscosity  at  maximum  surface  lenipcralure 
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Figure  4-21  Design  factor  ljj(\  + K)  versus  number  of  leeth  and  load  for  rough  ground 
and  1020  low  carbon  steel  gear,  gear  ratio  Mg=2,  center  distance  Cd-10  and  constant  oil 
viscosity  at  maximum  surface  lempentiurc 


Figure  4-22  Desiiui  factor  \ljf\*K)  versus  number  oficelh  ancfload  for  rough  ground 
and  1020  low  carbon  steel  gear,  gear  ratio  Mg=10.  center  distance  Cd*10  and  constant 
oil  viscosity  at  maximum  surface  tompemture 
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Figure  4-2?  IXiiiiin  factor  \i\ll\tK  I versus  number  of  Icclh  and  load  for  line  ground 
and  1 020  low  carbon  steel  gear,  gear  ratio  Mg=2,  center  distance  Cd-IO  and  constant  oil 
viscosity  at  mnsiinum  surface  temperature 
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Figure  4-24  Design  factor  l/-j(\  + K)  versus  number  of  teeth  and  load  for  fine  ground 
and  1020  low  carbon  steel  gear,  gear  ratio  Mg=  10,  center  distance  Cd=IO  and  constant 
oil  viscosity  at  maximum  surface  temperature 


li  Roughness  and  profile  daia  for  l\pical  llniafiing  operaiiona 


Table  d-2  Greenwood- Willlaro son  model  inpul  pramelers  ealculaled  for  surface 
roughness  dam  given  in  |Tobled<l) 
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Table  4-3  LubricaUng  ail  and  malarial  thermal  and  cnechanicQl  propcrlica 
Gear  spcciUcation: 
aip  |rid  /icc|  I m |deg)  | 

Material  mechanical  properties  (steel): 

Kplpsij  I Ec|p»i|  I B ~~| 

30'IQ''  i I5'I0°  I OJ  I 


Material  thermal  properties: 


Ki 

Cl 

[Blu^  in-l‘'See]  | |lb-in/in>K‘Sec| 

|Diiilb-H|  1 llb-in/in-Fl 

cOh'H)-  17 

O.II  1148 

8 0*1  O'" 

Lubricant  thermal  properties  (SAE  30): 

I KiilBtu/in-F-scc]  I Co|Bludb-F|  I po|IMi?T 

I I.736*I0''  I o.a»  I 0.oJT5~ 


Lubricant  viscosity  properties  (SAE  30): 
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(revnWlbf-$ec/in-|  Poise|0.IPa-sec| 

I.4I*I0''  l.4l*68947’10'* 
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Table  4- 1 6 Temceralun;  rises  on  nsperilies  versus  number  of  tceih  and  load  for  fine 
ground,  gear  ratio  Mg=2,  cemet  disiancc  Cd=IO  and  conscanl  oil  viscosity  at  inlet 
temperature 


Table  4-17  Temperature  rises  on  asperities  versus  number  of  teeth  and  load  for  fine 
gmund,  gear  ratio  Mg=10.  center  distance  Cd'lO  and  constant  oil  viscosity  at  inlet 
temperature 
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ground.'giiar  ralin  Mg=-2.  csnlerdislance  Cd'lO  ami  eonsmnt  oil  vistosiiy  ai  maxiini 
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Tabic  4-22  Temperaiure  rises  on  asperities  vereus  number  of  teeth  ami  load  for  rough 
ground,  gear  ratio  Mg»2,  center  dislancc  Cd'IOaitd  conslam  oil  viscosity  at  maximum 
surracc  temperature 


Table  4-23  Temperature  rises  on  asperities  versus  number  of  teeth  ond  load  for  rough 
ground,  gearratio  Mg=I0.  center  distance  Cd=I0  and  constant  oil  viscosity  at  maximum 
surface  temperature 


Table  4-24  Kactor  K versus  number  of  leelh  and  loud  fcr  rough  ground  and  4340  high 
carbon  steel  gear,  gearratio  Mg=2,  center  distance  Cd=  1 0 and  constant  oil  viscosity  pi 
inlel  temperature 


lab.le  4-25  Factor  K versus  number  of  teeth  and  load  for  rough  ground  and  4340  high 
carbon  steel  gear,  gear  ratio  Mg=IO,  center  distance  Cd=l0and  constant  oil  viscosity  at 
inlet  temperalurc 
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Table  4-26  Fattor  K versus  number  of  leelh  and  load  for  fine  ground  and  4340  high 
carbon  steel  gear,  gear  ratio  Mg=2,  center  distance  Cd“IO  and  constant  oil  viscosity  at 
inlet  temperature 


Table  4-^  Factor  K versus  number  of  teeth  and  load  for  fine  ground  and  4340  high 
carbon  steel  gear,  gear  ratio  Mg=IO.  center  distance  Cd*10  and  constant  oil  viscosity  at 
inlet  temperature 
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Table  4-28  Tacior  K versus  number  of  lecih  mid  loud  for  rough  ground  and  1 020  low 
carbon  steel  gear,  gear  ratio  Mg=2,  center  distance  Cd-IO  and  constant  oil  viscosity  at 
inlet  temperature 


Table  4-29  Factor  K versus  number  of  teeth  and  load  for  rough  ground  and  1020  low 
carbon  steel  gear,  gear  ratio  Mg=10.  center  distance  Cd=IO  and  constant  oil  viscosity  at 
inlet  temperature 
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Table  4-32  I'aciorK  versus  number  orieelh  and  load  for  rough  ground  ami  4340  high 
carbon  sled  gear,  gearratio  Mg-2,  ccnier  distance  Cd=10  and  constant  oil  viscosity  at 
moainium  surface  temperature 


Table  4-34  Factor  K versus  mimber  oricclh  and  load  for  fine  ground  and  4340  high 
carbon  steel  gear,  gearratio  Mg=2.  center  dislance  Cd=i0and  constant  oil  viscosity  at 
Tnaximum  surface  temperature 


Table  4-35  Factor  K ve 


ersus  number  of  teeth  and  load  for  fine  ground  and  4340  high 
carbon  steel  gear,  gear  ratio  Mg=ICI.  center  distance  Cd^lO  and  constant  oil  viscosity  at 
maximum  surface  temperature 
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lahic  4-37  Kpclor  K \ersus  number  of  leelh  and  load  for  rough  ground  and  1020  low 
carbon  steel  gear,  gear  ratio  Mg=IO,  center  distance  Cd^lO  and  constant  oil  viscosity  at 
maximum  surface  lemperalurc 
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Table  4-39  Foclor  K versus  number  i)f  iccih  and  load  Tor  tine  ground  and  1020  low 
carbon  sleel  gear,  gear  raiio  Mg«IO,  ccniit  dislancc  Cd=10and  consionl  oil  viscosity  ai 
maximum  surface  temperature 
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Table  -MO  Design  faclor  * Kj  versus  number  of  iceih  and  load  for  rough  ground 
and  4340  high  carbon  steel  gear,  gear  ratio  Mg=2.  ecnier  distance  Cd'IO  and  constant  oil 
visuusil)'  at  inlet  tenipcmlurc 


Table  4-41  Design  faclor  l/^fl  + K ) versus  number  of  teeth  and  load  for  rough  ground 
and  4340  high  carbon  steel  gear,  gear  ratio  Mg=IO.  center  distance  Cd=IOand  constant 
oii  viscosity  at  iniet  lemperalure 
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Table  4-42  E>esi|jn  factor  l/.J(\*k)  versus  number  of  leelh  and  load  for  fine  ground 
and  4340  high  carbon  sleel  gear,  gear  ratio  Mg=2,  center  distance  Cd=IOnnd  constant  oil 
viscosity  at  inlet  temperature 


Table  4-43  Design  faclor  versus  number  of  teeth  and  load  for  fine  ground 

and  4340  high  carbon  steel  gear,  gear  ratio  Mg=IO,  center  distance  Cd=IO  and  constant 
oil  viscosity  at  inlet  leniperatiue 
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Table  4-44  Design  factor  i/ versus  number  of  Iceih  and  load  for  rough  ground 
and  lO’O  low  carbon  steel  gear,  geor  ratio  Mg=2.  center  distance  Cd=  1 0 and  constant  oil 


T^le  4-45  Design  factor  vertus  number  of  teeth  and  load  for  rough  ground 

and  1 020  low  carbon  steel  gear,  gear  ratio  Mg=l  0,  center  distance  Cd=  1 0 and  constant 
oil  viscosir>-  at  inlet  temperature 
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Table  4-47  Design  f«lor  l/^/7TT¥7  ver«Js  nnmbe:  orieell.  and  load  for  fma  ground 
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>r  1/  versus  number  of  Icelh  and  toad  for  fine  ground  and 


lable  4-5 1 design  facior  \/.jl]  + KI  versus  number  of  leelh  and  load  for  fine  ground  and 
4340  high  carbon  steel  gear,  gearratio  Mg=IO.  center  distance  Cd' 10  and  constant  oil 
viscosity  at  maximum  surface  temperature 
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Tabic  4-52  Dcsi(pi  faclur  ^ K)  versus  number  of  lecih  and  load  for  rough  ground 
and  1020  low  carbon  sioci  gear,  gear  ralio  Mg=2,  cenlerdislance  Cd-IO  and  consiani  oil 
VLScosil)'  ai  ma.'simum  surface  lempcralurc 


Table  d-53  Design  faclor  ) versus  number  of  leeth  and  load  for  rough  ground 

and  1020  low  carbon  sled  gear,  gear  ratio  Mg=  1 0,  cenlcr  distance  Cd=IO  and  consiani 
oil  viscosity  at  maximum  surface  lerapcracure 
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CHAPTER  5 

SUMMARY,  CONCLUSIONS  AND  REICOMMENDATIONS 
Summary 

The  study  reported  in  this  thesis  can  be  summuriud  as  follows 

Chapter  I gives  a brief  review  of  the  surface  failtues  mechanism  such  as  wear, 
pitting  and  scoring  and  the  recent  studies  on  surface  failures  and  gear  looth  temperature 
calcutalions. 

Chapter  2 gives  relationship  for  calculating  the  nominal  temperature  rise  at  the 
start  of  contact  where  the  ma.eimum  sliding/rolling  ratio  occurs  on  the  gear  tooth  surface. 
This  temperature  is  calculated  as  trartsient  temperature  rise  along  the  contact  added  to  the 
bulk  leniperdturc  of  gear.  The  temperature  rise,  thermal  and  contact  sttesses  are  defined 
In  dimensionless  form.  Numerical  results  arc  olso  given  for  several  different  geometrical 
conditions  such  as  center  distance,  number  of  teeth  and  gearratio.  All  these  coiculations 
assume  smooth  surfaces  where  the  heat  input  is  frictional  with  a constant  coefficient  of 
friction. 

Chapter  3 ^ves  the  dintensionless  relationship  for  the  allowable  contact  stress 
modification  due  to  thermal  stress,  in  this  chapter,  definitions  of  thermal  stress.  Ihennal 
fatigue,  and  thermal  shock  are  given.  The  design  criteria  for  the  combined,  mechanical 
andthelhcrmal.  stress  is  given.  Two  differenl  materials.  1020  low  carbon  and  4340  high 
carbon  steels  ore  considered.  Also  in  this  chapter,  also  the  numerical  calculations  are 
made  under  the  assumption  of  constant  nominal  contact  area,  constant  frictional  heal 
input  without  consideration  of  the  effect  of  lubrication  film.  Further  more  studies  are 
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inpul  wiihow  consideralion  of  the  cffccl  of  lubricalion  film.  Funher  more  studies  are 


done  for  1V.0  different  cases,  one  without  consideration  of  the  change  of  Lltimaic  tensile 
strength  with  lempeniture  and  the  other  one  with  consideration  of  the  effect  of  this 
change. 

Chapter  4 deals  with  the  intestigaiionof  the  effect  of  surface  toughness  and 
lubrication.  In  this  chapter,  the  effect  of  the  lubricating  film  thickness  (given  by  Dowson 
and  Hi^^inson)  and  the  surface  roughness  (given  by  Greenwood'Williamson  model)  are 
considered.  The  study  is  applied  to  the  gear  surface  at  the  first  point  of  contact  where  the 
maximum  temperature  rise  occurs.  Also  the  evaluation  of  the  coelficient  oflriclion  based 
on  the  oil  film  thickness  is  discussed.  A procedure  is  piv.senled  for  temperature  rise 
calculation  bused  on  the  analysis  dcselopcd  h}'  Rashid  and  Seireg.  These  calculations  arc 
undenaken  for  conditions  of  frictional  heating  or  viscous  heating  depending  on  the 
surface  roughness  and  lubricating  film  thickness.  The  procedure  is  applied  to  rough  and 
fine  ground  gears  with  following  assumptions,  which  represent  the  upper  and  lower  limits 
of  viscosity. 

a)  Constant  oil  riscosity  corresponding  to  the  inlet  lempeniture. 

h>  Constant  oil  viscosity  corresponding  to  the  maximum  bulk  surface  temperature. 

The  contact  stress  modification  factors  in  lubricated  rolling/  sliding  contacts  are 
calculated  by  using  the  same  approach  given  in  chapter  3 with  the  consideralion  of  the 
lubricating  film,  the  gear  material  and  lire  surface  roughness. 

The  Ibllowing  can  be  concluded  from  the  reported  study; 

The  surface  temperature  rise  is  significantly  increased  for  low  number  of  pinion 


teeth  and  high  gear  ratios  as  a result  of  a high  sliding  to  rolling  ratio. 


■Hie  lower  mimbcr  of  Icelh  anil  higher  IohiI  consequenll)  decreases  ihe  allowable 
mechanical  sireas.  as  shown  in  equation  (3.8). 

The  allowable  mechanical  stress  is  decreased  with  the  decrease  in  center  distance. 

Tlie  surface  roughness  ha.s  a significant  efTect  on  the  icmpcraiure  rise.  Fine 
ground  gears  ore  generally  subjected  to  \iscous  heating,  which  reduces  the  temperature 
rise  at  asperities.  On  the  other  hand  rough  ground  surfaces  are  subjected  to  Irtclional 
heating  duo  to  the  higher  asperity  height  in  relation  to  the  oil  film  thickness. 

The  load  cfTect  on  modi  lying  the  allowable  contact  stress  is  negligible  for 
condition  of  viscous  heating. 

High  carbon  steel  gears  are  signirieandy  more  sensitive  to  the  iherraal  stress  than 
low  carbon  steel  because  of  the  significant  changes  in  their  ultimate  strength  changes 
with  temperature  and  their  high  susceptibility  to  thermaJ  fatigue  and  thermal  shock. 

Rocommeniialion 

The  following  are  some  recommendations  for  future  studies  on  this  subject: 

More  accurate  treatment  of  the  elTecl  of  tcmpcniturc  distribution  in  the  contact 
zone,  on  the  viscosity  of  the  lubricating  film  and  the  heat  generation  within  the  film  needs 
to  be  considered. 

investigation  of  the  effect  of  the  thermal  conditions  on  the  physical  and  chemical 
changes  which  take  place  in  the  contact  zone. 

Investigation  of  the  elTeet  ofthcehemical  layers  that  may  be  generated  on  surface 
as  well  as  surface  coating  with  different  thermal  properties  on  the  surface  temperature. 

Planning  controlled  espcrlmenis  to  verily  the  general  findings  of  this 
investigation  and  to  point  to  any  significant  parameters  that  may  have  not  been  given 
adequate  consideration  in  the  reported  study. 
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